Continued energy exploration and development presents a persistent threat to plant and wildlife species endemic to the western United States. Energy development has impacted both the quantity and the quality of plant and wildlife habitats (e.g., Copeland et al. 2009 ABSTRACT.-Energy development, in combination with other environmental stressors, poses a persistent threat to rare species endemic to energy-producing regions of the western United States. Demographic analyses of monitored populations can provide key information on the natural dynamics of threatened plant and animal populations and how these dynamics might be affected by present and future development. In the Uinta Basin in Utah and Colorado, Graham's beardtongue (Penstemon grahamii) and White River beardtongue (Penstemon scariosus var. albifluvis) are 2 rare endemic wildflowers that persist on oil shale habitats that are heavily impacted by current energy exploration and development and are slated for expanded traditional drilling and oil shale development. We described demographic characteristics and population viability for 2 populations of each species that have been monitored since 2004. First, we measured population size, survival rates, transitions between life stages, and recruitment by using individually marked plants at the 4 study areas. We then used matrix population models to determine stochastic population growth rates (l) and the probability that each population would persist 50 years into the future, given current conditions. The 2 P. grahamii study plots had small populations, averaging 70 adult plants, and relatively constant and high survival in both vegetative and flowering plants. The 2 P. scariosus var. albifluvis study plots had populations that averaged 120 adult plants, with high and stable survival in flowering plants and variable survival in vegetative plants. Recruitment of new seedlings into all populations was low and variable, with most recruitment occurring in one or 2 years. Both P. grahamii populations had l near 1.0 (stable). One P. scariosus var. albifluvis population appeared to be declining (l = 0.97), whereas the other was increasing (l = 1.16). Our analyses reveal populations that appear relatively stable, but that are susceptible to declines now and into the future. Increases in environmental variability, deterministic changes in habitat conditions or stressors, or a single catastrophic event could all have immediately deleterious impacts on the long-term growth trajectory of these populations.
et al. , Wilson et al. 2013 , and this development can combine with other threats such as ongoing climate change (e.g., Hervieux et al. 2013) , disease (e.g., Walker et al. 2007) , and encroachment of invasive species (e.g., Bergquist et al. 2007 ) to further impact sensitive species. Fossil fuels-including oil, natural gas, and coal-continue to be the dominant source of global energy (Chow et al. 2003) , making it imperative to understand the natural population dynamics of rare species endemic to energy-producing regions and how these dynamics will be impacted by ongoing energy development.
While some bird and mammal species found in energy-producing regions have been studied in detail (e.g., Doherty et al. 2008 , Naugle et al. 2011 , Boutin et al. 2012 , Hervieux et al. 2013 , Wilson et al. 2013 , underlying plant communities have received much less attention. In a rare study exploring the impacts of energy development on a big sagebrush (Artemisia tridentata) ecosystem, authors demonstrated both direct impacts of sagebrush habitat loss and indirect effects of sagebrush habitat quality in relation to natural gas development (Walston et al. 2009 ). This broad-scale analysis may allow resource managers to assess landscapelevel effects of energy development, but it does not address how individual species-especially rare, endemic plants-might be impacted.
Demographic studies provide a means for understanding the natural dynamics of threatened plant populations that inhabit the energy-producing regions of the western United States. Long-term tracking of marked individuals in one or more populations can provide critical information on the vital rates (e.g., survival, transition between life stages, and reproduction) of the population; this information can allow for estimates of population growth rates and probabilities of extinction via matrix population modeling (Caswell 2001, Morris and Doak 2002) . In healthy populations, these estimates can provide a baseline for understanding how future threats might impact populations. Demographic models can also help evaluate the impact of various threats to population growth and viability and assess the effectiveness of alternate restoration or management strategies Doak 2002, Thomson 2005 ). Matrix population modeling and population viability modeling are now common tools for examining questions related to plant population conservation, ecology, and management (Menges 2000 , Crone et al. 2011 .
In this study, we examine the demography and population viability of 2 rare species of beardtongue endemic to oil shale deposits in Utah and Colorado, Graham's penstemon (Penstemon grahamii) and White River penstemon (Penstemon scariosus var. albifluvis). Habitat areas of both species are being increasingly impacted by traditional oil and gas development through road construction, dust production, habitat fragmentation, and possible pollinator disturbance (USFWS 2013) . Future planned oil shale development may also further impact both species' habitat (USFWS 2013) . The combined factors of climate change (e.g., increasing aridity), invasive weeds, small population size, and grazing pressure have also been identified as potential stressors for these species.
Despite the concern over declines in these 2 species, little is known about their population dynamics and what factors might influence their long-term viability. Previous work on the pollination biology of P. scariosus var. albifluvis identified the importance of maintaining a diversity of pollinating bees for the reproductive success of the species (Lewinsohn and Tepedino 2007, Dodge and Yates 2009) , as seeds and fruits are best produced when flowers are cross-pollinated. However, very few published studies have examined other elements of the life history and demography of these or other penstemon species (but see Mabry 2011) . Understanding basic demographic features of these rare species is critical to determining the dynamics of healthy populations and addressing future effects of energy development or potential restoration efforts.
We estimated survival, reproduction, and population viability by using demographic monitoring data that have been collected on 2 populations of each of these species since 2004. These monitored populations provide robust demographic data sets for examining populationspecific vital rates, population growth rates, and extinction risks. We first summarized population data (i.e., plant abundance) for each population over time, which included determining demographically relevant life stages for analysis. Then, we estimated survival probabilities for each life stage, the probability of transitioning between life stages, and recruitment of new plants to each population over time. Finally, we used information on plant abundance and vital rates to estimate population growth rates and risk of extinction over a 50-year time horizon. We also examined relationships between plant vital rates, growth rates, population sizes, and precipitation to identify possible drivers of local plant population dynamics.
METHODS

Study Species
Graham's beardtongue (Penstemon grahamii) and White River beardtongue (Penstemon scariosus var. albifluvis) are endemic to the Uinta Basin in northeastern Utah and adjacent western Colorado (Fig. 1 (USFWS 2013) . Both species grow on sparsely vegetated calcareous substrates, along with other endemic plant species, and are closely asso ciated with oil shale deposits of the Mahogany ledge within the Green River geologic formation (USFWS 2013) . Both Graham's beardtongue and White River beardtongue are herbaceous, long-lived perennial plants that are estimated to live for at least 30 years (USFWS 2012) .
We monitored 2 populations of P. grahamii, identified as Blue Knoll and Buck Canyon, and 2 populations of P. scariosus var. albifluvis, identified as White River and Watson (Fig. 1) . These locations were nonrandomly chosen based on early survey reports for populations of both species, and each site has typical soil characteristics and falls within the core range of each species. These populations were chosen because they had a high density of plants, were accessible for monitoring, and were expected to be representative of the species' ranges as they were understood in 2004. These populations are all considered demographically isolated; that is, movement of seeds between populations is considered unlikely.
Field Methods
At all 4 sites, long-term monitoring transects were established in late April and May 2004. All sites were monitored annually in the spring from 2004 to 2012, except for the Watson site, which was not monitored in 2006 or 2007 due to access restrictions at the site. Therefore, we collected 9 years of data at Blue Knoll, Buck Canyon, and White River, and 7 years of data at Watson. At each site, one or more belt transects were laid out, and every plant within those transects was tagged with a permanent metal tag. The total area surveyed approximated 1000 m 2 at each site, though the size, shape, and number of transects differed among sites. Transects were centered on the core plant population at each site (i.e., highest plant density) but did not encompass the entire population at any site. Approximately 90% of the plants at Blue Knoll, 75% of the plants at Buck Canyon, 85% of the plants at White River, and 65% of the plants at Watson have been monitored with these permanent transects. We generally refer to these monitored transects as "populations" throughout the paper, even though they do not capture the entire population.
For each individually marked plant in each year, we recorded the following data: number of inflorescences, height of the tallest inflorescence, number of flowers and buds per inflorescence, and number of fruits. For P. grahamii, the number of rosettes and total diameter of the rosettes were recorded, and for P. scariosus var. albifluvis, the diameter of the woody base was recorded. Other data that were collected on some years included number of seeds per fruit, presence of herbivory, and general condition of each plant. New plants were marked with permanent metal tags, previously marked plants that were not located were recorded as missing, and previously marked plants that had died or were not seen for 3 consecutive years were recorded as dead. There were 2 scenarios where individuals previously seen were not found on a given year: in the first scenario, the tag was located but no plant was seen; in the other, neither the tag nor the plant was located. For the first scenario, tags were left in place to check for potential resprouting or dormancy. After 3 consecutive years of a plant being absent, the tag was removed and the plant recorded as dead. In the second scenario, plants may have been missed by observers due to substrate covering the tags. Some of these individuals were then relocated and observed again on subsequent years. However, especially for P. scariosus var. albifluvis, a number of tags went missing and were never seen again. When a tagged plant was not found and not relocated in a subsequent year, it was impossible to determine if it had died, gone dormant, been missed by observers, or moved (e.g., if plant tags had been disturbed by grazers or eroded due to the unstable substrate). Because the total number of individuals monitored at each site was small (generally between 60 and 150 plants per population per year), we chose not to remove any plants from the analysis and to account for the uncertainty in plant status in the estimation of vital rates (see "Survival and Transition Analysis"). For each population, we counted the number of seedlings, vegetative adults, and flowering adults seen each year. This count provided an index of population size for each year that we used as starting population sizes in our matrix models, as well as to estimate trends in abundance over time (see "Viability Analysis").
Summary of Population Data
Survival and Transition Analysis
For the first part of our analysis, we estimated survival and transition rates for flowering and vegetative stages in all populations. To account for the fact that individual plants sometimes went missing for one or more years and then reappeared, we used multistate mark-recapture models for this analysis. Mark-recapture modeling is a powerful approach for estimating vital rates in populations of animals or plants where individuals are detected imperfectly (Lebreton et al. 1992, White and Burnham 1999) . In plant population ecology, markrecapture models have been used infrequently and have largely been developed to measure vital rates surrounding prolonged dormancy in plants (e.g., Shefferson et al. 2001 , Kery et al. 2005 , Lesica and Crone 2007 ). The dormancy models tested whether survival differs between observed plants and unobserved (i.e., dormant) plants. However, mark-recapture models can also be used to correct survival estimates for detection probabilities that are <1, which is what we do here. In these models, we assume that survival is the same for observed and unobserved transitions. Furthermore, multistate mark-recapture models allow the user to specify a "state," or life stage (e.g., vegetative or flowering), for each sampling occasion (e.g., White et al. 2006 ). These models, in addition to estimating survival probabilities over time, estimate transition probabilities between states for each time period. For both species, this modeling approach allowed estimation of the probability that a vegetative plant would transition to flowering, and vice versa, between years. Because there were so few seedlings in the data sets for either species, we were not able to model seedling survival rates, or transitions from seedling to vegetative or flowering plants, using mark-recapture models. Therefore, for the survival and transition analysis, we created data files that only tracked the history of individual plants through their adult life stages.
All multistate mark-recapture analyses were conducted in Program MARK (White and Burnham 1999) . For each population, we estimated vital rates for a number of different predetermined models to test whether survival probabilities (S), probabilities of detection (p), and transition probabilities (ψ) varied by time (t), life stage (g), or both (t*g)-e.g., S(t*g). For all populations, we were unable to estimate models where probabilities of detection varied over time. Therefore, the set of models we used had probabilities of detection that were either constant or varied simply by life stage. Models were evaluated using Aikaike's information criterion corrected for small sample sizes (AIC c ); the model with the smallest AIC c value was considered to have the best fit with the fewest parameters (Burnham and Anderson 2002). When there were multiple models with statistical support (we considered models within 6 AIC c units of the best model), we calculated model-averaged parameter estimates for survival and transition probabilities (Burnham and Anderson 2002) .
In addition to the mark-recapture analyses, we made several calculations from the raw data. First, we calculated seedling survival and transition rates by determining the percentage of seedlings counted in one year that survived to the next year, and whether the surviving seedlings transitioned to a vegetative or flowering stage class. Second, we calculated survival and transition estimates for vegetative and flowering plants of each species. As with the seedlings, we calculated survival for each life stage from year t to t + 1 as For the plants that did survive, we then calculated what percentage of plants transitioned from vegetative to flowering, or from flowering to vegetative, between years t and t + 1. These calculations provided a comparison to the estimates from the mark-recapture analyses. This type of "naïve" estimation of survival and transition-one that does not adjust for imperfect plant detection-is the type most commonly used in plant population studies Pyke 2003, Ellis et al. 2012 ).
Reproduction and Recruitment
For each population, we quantified reproduction as the ratio of new seedlings counted in year t + 1 to the number of flowering plants counted in year t. This commonly used metric for plant reproduction assumes that all new plants come from the previous year's flowering plants, rather than from the seed bank (Ellis et al. 2012) . For both species, transitions into and out of the seed bank are not well understood. For P. grahamii, seed density from the seed bank was measured in only 2 years, with different methods used in each year. Furthermore, data on seed germination and seed viability were extremely limited. Therefore, we were unable to reliably incorporate data from the seed bank into estimates of recruitment. Similarly, we did not have data on the number of seeds produced per fruit over time to include in our estimates of recruitment (data were only collected in 2004 and 2005, and seeds were not found at all sites in those 2 years). In summary, the metric for reproduction that we used provides some useful measure of new plant production per year but is likely to overestimate the rate of seedling production because it does not include the effect of the seed bank (Adams et al. 2005) .
The above measure of reproduction only accounted for new seedlings entering the tagged sample, yet many (and in some years, most) individuals were first marked as vegetative or flowering plants. As a result, total recruitment in the plot on each year was often biased low when we only quantified seedling production. Therefore, we also measured recruitment into the vegetative and flowering stage classes for each population in each year, as described in Lesica (1995) . For new vegetative plants, recruitment was quantified as the ratio of new vegetative plants in year t + 1 to the number of flowering plants in year t. For new flowering plants, recruitment was quantified as the ratio of new flowering plants in year t + 1 to the number of flowering plants in year t. As with the measure of reproduction above, these ratios assumed that all new plants come from the previous year's flowering plants, rather than from the seed bank. However, this method provided some measure of correction for plants that were not located as seedlings, either because of the difficulty in detecting seedlings or because of the timing of annual surveys.
Viability Analysis
For the second part of our analysis, we estimated population growth rates and viability for the 4 study sites. To estimate population growth rates and extinction risk, we combined estimates of recruitment, survival, and transition, calculated by methods described above, into a stage-based transition matrix model (Fig. 2 ). This matrix was based on a life cycle comprising the 3 life stages described above (Fig. 3) . For both the matrix and the life cycle, S represented survival rates, T represented transition rates, F represented seedling recruitment (i.e., ratio of new seedlings to flowering plants in the previous year), and R represented recruitment into the adult life stages. The subscripts S, V, and F referred to the 3 life stages: seedling, vegetative adult, and flowering adult. For example, S V referred to the survival of vegetative plants, and T VF referred to the probability of transitioning from vegetative to flowering between years. The "recruitment" column of the matrix was added to the "flowering" column before any calculations were conducted. We built a separate transition matrix for each population for each year, resulting in 8 transition matrices for each of the 3 populations with continuous data (Blue Knoll, Buck Canyon, and White River): [2004] [2005] [2005] [2006] , and so on. At the Watson site, no data were collected in 2006 and 2007, so we could only construct 5 transition matrices for this population: 2004-2005, 2008-2009, 2009-2010, 2010-2011, and 2011-2012. We first estimated the stochastic population growth rate (l S ) for each population by using stochastic computer simulations (Morris and Doak 2002) . For this method, we calculated the arithmetic mean of the log ratios of population sizes in adjacent years over many years. Using MATLAB code modified from Morris and Doak (2002) , we projected population growth over many successive time intervals, drawing one of the 8 transition matrices (5 for the Watson site) at random for each time interval (e.g., Kaye and Pyke 2003) . We used these to calculate the number of plants in year t + 1 (i.e., N[t + 1]) from the number of plants in year t (i.e., N[t]). We calculated the arithmetic mean and the variance of log[N(t + 1)/N(t)] over 50,000 simulated population growth increments to estimate the mean and simulation error of l S . Each transition matrix had an equal probability of being drawn on a given Fig. 2 . Transition matrix used for both beardtongue species to estimate stochastic population growth rates and extinction probabilities. The capital letters S, T, F, and R refer to survival, transition, fecundity, and recruitment, respectively. The subscript letters S, V, and F refer to the seedling, vegetative adult, and flowering adult life stages, respectively. The values in the "flowering" and "recruitment" columns were added together before any matrix projections were conducted. time interval. In this sense, we assumed that environmental conditions were aperiodic and uncorrelated, and that each matrix represented one demographic manifestation of possible states of the environment.
We then examined population viability over different time horizons by simulating the probability that a given population would go extinct by a specified time in the future. These simulations were based on the 8 transition matrices (5 for the Watson site) and the current population size at each site. Again, we used MATLAB code modified from Morris and Doak (2002) for these simulations. For these models, we again used the matrix selection approach described above (e.g., Kaye and Pyke 2003) . This process was repeated to look at the projected population size 50 years into the future. We simulated 10,000 different realizations of population growth for each population. We input the initial population sizes for the simulation from the final year of monitoring data (2012), including number of seedlings, vegetative plants, and flowering plants. We set a quasi-extinction threshold of 10 plants; that is, the population was considered extinct if it dropped below 10 individual plants. As with the simulations above, we set the probability of choosing each matrix on a given year as equal. To account for the fact that our study transects did not encompass the whole population at each site, we examined extinction risks for larger starting population sizes that reflected an estimate of the total population size at each study area. We saw no differences in cumulative probabilities of extinction and therefore report the analyses for the monitored study transects.
Finally, we calculated stochastic population growth rates (l S ) and associated confidence intervals for each population by using a time series analysis based on the counts of plants in each year, rather than the underlying vital rates. We used a recently developed method for trend estimation described by Humbert et al. (2009) for these estimates. This approach used state-space models that account for both process noise (i.e., true variation in the data set over time due to environmental variability) and observation error. Ten years of data is typically considered a minimum for analyses of time series of population count data, but these trend estimates provided a useful comparison to the matrix model simulations, especially when determining the best approach for future monitoring of the 2 species. All calculations for this analysis were conducted in R (R Core Development Team 2004) using code modified from Humbert et al. (2009) .
Relationship to Environmental Variables
Anecdotal observations have suggested that flowering and recruitment in both beardtongue species may be related to rainfall. To develop this hypothesis and examine these potential relationships, we calculated Pearson's correlations among vital rates, population sizes, and a suite of rainfall metrics for both species. Scatterplots verified that the relationships were linear. Vital rates included survival probabilities, transition probabilities, and asymptotic population growth rates for each matrix. Population sizes included number of seedlings, number of vegetative plants, number of flowering plants, and total number of adult plants (vegetative and flowering). Rainfall metrics included total winter rainfall (October-March), total spring rainfall (AprilMay), total growing season rainfall (FebruaryMay), and total precipitation for the previous year (January-December). Rainfall data were compiled from the Jensen weather station (40.3642°, -109.345°; 1448 m elevation), with some precipitation data coming from the Dinosaur Quarry weather station (40.4378°, -109.304°; 1463 m elevation) in 2009 when the Jensen station was not working. The Jensen station is located between 46 and 73 km from the study sites: the White River site is closest at 46 km and the Blue Knoll site is farthest at 73 km (Fig. 1) . The Dinosaur Quarry station (located about 8 km north of the Jensen station) is located between 54 and 81 km from the study sites. Though these regional weather stations might not capture site-specific weather variation, they might capture broad precipitation patterns relevant to the species' reproductive success.
RESULTS
Summary of Population Data
Population size of P. grahamii at Blue Knoll ranged from a low of 52 individuals in 2007 to a high of 114 individuals in 2012 (Fig. 4a) . The population largely consisted of adult individuals: seedlings were only counted in 5 of the 9 years, with the largest numbers seen in 2011 and 2012 (24 and 15 seedlings, respectively). The majority of the population consisted of vegetative plants for 7 of the 9 years of the study, with the highest number of flowering plants seen in 2011. The population of P. grahamii at Buck Canyon exhibited similar patterns in abundance and distribution, though population numbers were more stable over time at this site (Fig.  4b) . Again, seedlings were only counted in 5 of the 9 years, with fewer than 10 seedlings counted in all years but 2012. The majority of plants at this site were also vegetative, except in 2011, when the majority of plants were flowering.
At White River, plant numbers of P. scariosus var. albifluvis fluctuated from a low of 87 individuals in 2008 to a high of 230 individuals in 2009 (Fig. 5a ). The high population size in 2009 was driven by a large pulse of seedling recruitment; little to no recruitment was observed in the remaining years. 
Survival and Transition Analysis
At both long-term P. grahamii sites, the top models for survival and transition probabilities had survival that varied over time but not by life stage (i.e., survival of flowering plants was the same as for vegetative plants), probabilities of detection that either varied by life stage or were constant, and transition probabilities that varied by both time and life stage ( Survival varied over time for both P. grahamii populations, but the difference was larger at the Blue Knoll population, where survival was low in the early years and increased in the later years of the study (Table  2) . By contrast, survival at Buck Canyon was high and relatively stable throughout the study period. For both populations, transition probabilities from vegetative to flowering were very low in the early years of the study and increased in later years. The reverse is seen in the transition from flowering to vegetative plants over time. The survival estimates from program MARK tracked the estimates we calculated from the raw data but were consistently higher, reflecting corrected estimates for imperfect detection of plants.
Seedling survival varied considerably among years for both the Blue Knoll and Buck Canyon sites (Table 3) , and these rates were based on very few seedlings in most years. At both sites, nearly all surviving seedlings transitioned to vegetative plants in the following year rather than to flowering.
In contrast to P. grahamii, top models for both populations of P. scariosus var. albifluvis indicated that survival and transition probabilities varied by both time and life stage. At the White River site, the best models for survival and transition probabilities had survival varying by life stage only, or by life stage and time (Table 1 ). Transition probabilities varied by both life stage and time, and there was support for models where detection probability was constant or varied by life stage. There was statistical support for the top 4 models, so we calculated model-averaged parameter estimates using these 4 models. At the Watson site, the best model had survival and transition probabilities that varied by time and with life stage, and capture probabilities that varied by life stage (Table  1) . No other models had statistical support, so we used parameter estimates from this model for subsequent analyses.
At the White River site, survival of vegetative plants varied considerably over time, whereas survival of flowering plants was more consistent and higher (Table 2) . Similarly, at the Watson site, survival of flowering plants tended to be higher than survival of vegetative plants. Most plants in the White River and Watson populations were flowering on most years, and this is reflected in the transition probabilities: transitions from vegetative to flowering were much higher than transitions from flowering to vegetative, except in the final year of the study at White River (Table 2) . As with P. grahamii, the estimates from the mark-recapture analyses were consistent with calculations of survival and transition rates from the raw data but tended to be higher as the estimates were corrected for imperfect plant detection.
As with P. grahamii, seedling survival of P. scariosus var. albifluvis varied substantially among years, especially at the White River (Table 3) . However, in contrast to P. grahamii, up to a third of surviving P. scariosus var. albifluvis seedlings transitioned to flowering plants in the subsequent year rather than transitioning to vegetative plants.
Reproduction and Recruitment
Recruitment of new seedlings into the 2 P. grahamii populations was low and variable (Table 4) : rarely was more than one seedling produced per flowering plant the previous year. Furthermore, the small amount of seedling recruitment that did occur at these sites often occurred on different years between the 2 sites. Notably, recruitment of new vegetative plants occurred in 6 of the 8 time intervals at Blue Knoll, and 5 of the 8 time intervals at Buck Canyon. Recruitment of new flowering plants was more rare.
As with P. grahamii, recruitment of new seedlings into the P. scariosus var. albifluvis populations was also low and variable (Table  4) . Although P. scariosus var. albifluvis had one year of high recruitment at both longterm sites, the high proportion of flowering plants in the population still resulted in a low recruitment ratio. Also, P. scariosus var. albifluvis had much less recruitment into the vegetative and flowering life stages compared to P. grahamii. that both populations have growth rates near 1.0 (stable). At Blue Knoll, the stochas tic popu lation growth rate was 1.026 (1.023-1.028 simulation error), indicating a stable population. Similarly, the Buck Canyon population had a stochastic population growth rate of 1.025 (1.023-1.027 simulation error). Given the current data on the population, the Blue Knoll population has an 8% chance of declining to 10 or fewer individuals in the next 50 years, and the Buck Canyon population has a <1% chance of declining to 10 or fewer individuals in the next 50 years.
For P. scariosus var. albifluvis, results of stage-based matrix population viability analysis indicated that the White River population was declining while the Watson population was growing. The stochastic population growth rate was 0.969 (0.966-0.972 simulation error) for White River and 1.156 (1.153-1.160 simulation error) at the Watson site. Given current conditions, the White River site has a 23% chance of declining to fewer than 10 individuals in the next 50 years. The Watson population is not expected to decline to 10 or fewer individuals over the next 50 years. Results of the time series analyses yielded slightly different mean values for population growth rates, though confidence intervals generally overlapped results from the matrix analyses. At Blue Knoll, the estimated growth rate was 1.042 (CI 0.904-1.203), whereas at Buck Canyon, it was 0.997 (CI 0.978-1.016). At White River, the analysis yielded a population growth rate of 1.015 . Finally, at Watson, the population growth rate was 0.974 (CI 0.651-1.455). These population growth rates reflect that all populations but Watson were stable or showed an increase in the number of individuals counted over the monitoring period.
Relationship to Environmental Variables
We found no major patterns between rainfall and either plant numbers or vital rate estimates for either species. The only statistically significant correlation we detected was between spring precipitation and the transition from vegetative to flowering at the Buck Canyon population (r 2 = 0.817, P = 0.013).
As with P. grahamii, we did not detect any patterns between rainfall and plant numbers or vital rates for P. scariosus var. albifluvis at the White River or Watson sites. The only significant correlation was between winter precipitation and the number of vegetative plants seen the following spring (r 2 = -0.699, P = 0.036). Despite this relatively strong negative correlation, there was no significant correlation between winter precipitation and the number of flowering plants the following spring (r 2 = 0.555, P = 0.121), suggesting that this correlation is spurious.
DISCUSSION
Populations of both P. grahamii and P. scariosus var. albifluvis appear to have high adult survival and population growth rates near 1.0. These features suggest that in their current environment and while they were monitored, these populations have been stable. Should similar conditions persist in the future and habitat conditions remain unchanged, these populations have a low or no probability of going extinct. However, monitored populations were small (<150 individuals) and isolated, and had low and variable recruitment. These features make them particularly susceptible to stochastic environmental conditions or deterministic changes in habitat quality or quantity due to proposed energy exploration or other factors Kershaw 1997, Purvis et al. 2000) . However, each species has some unique demographic characteristics, which may ultimately influence its resilience to environmental and landscape change in the future. Monitoring of our established plots is continuing; new demographic plots have been added in the past 3 years to better represent the species range; and new studies of the seed bank and recruitment dynamics are underway. Continued research will allow us to refine our understanding of the population dynamics of these 2 species across their ranges.
Survival and Transition Analysis
The analysis of plant life stage composition and adult vital rates (survival and transition rates) at the 4 populations revealed some notable differences among both species and sites. For P. grahamii, survival of flowering plants and vegetative plants was similar within each year, whereas for P. scariosus var. albifluvis, survival in flowering plants was high and stable, and variable in vegetative plants. Across all years and sites, P. scariosus var. albifluvis had a higher probability of transitioning from vegetative to flowering than P. grahamii. Furthermore, P. grahamii had a much lower proportion of flowering plants in most years than P. scariosus var. albifluvis, for which the majority of plants flowered on most years whether or not successful recruitment occurred. This suggests that for P. grahamii, plants may not flower except when conditions are perceived as good (years with flowers often coincided with or were followed by years with seedling recruitment). In contrast, for P. scariosus var. albifluvis, flowering may be the default strategy in a given year and not associated with seedling recruitment. These life history differences could be useful to monitor across a broader landscape of populations in order to understand the drivers and consequences of variability of flowering in the 2 species.
Our survival estimates for these 2 species generally seem to be quite high, which we would expect from a long-lived species. We only found one other study that estimated survival in a penstemon species (Mabry 2011) , and mark-recapture models were not used. In that study, survival was monitored in 2 small cohorts of a natural P. tubiflorus population. Percent survival in the first year of this study was high: 91% and 78% for the 2 cohorts. Over the 5 years of the study, more individuals died, resulting in 46% and 50% survival within the cohort at the end of the study. While these survival percentages are difficult to compare directly to our study, they are similar to the range of survival probabilities we estimated for P. grahamii and P. scariosus var. albifluvis (Table 2 ). In contrast, researchers using known-fate models to analyze survival in 29 perennial grassland forbs in Kansas found that first-year survival ranged from 0.106 (Solidago rigida, with a maximum estimated lifespan of 3 years) to 0.487 (Scutellaria resinosa, with a maximum estimated lifespan of 13 years) for these shorter-lived species (Lauenroth and Adler 2008) . No Plantaginaceae species were included in this latter analysis.
Reproduction and Recruitment
One remaining area of high uncertainty is how, why, and when the 2 species reproduce. As we described in the methods, the current analyses use a simple ratio of flowering plants to new seedlings to quantify reproduction, which is an approach commonly used in plant matrix models (Menges 2000) . This approach ignores potentially crucial contributions of the seed bank to reproduction (Menges 2000 , Adams et al. 2005 . For both species, the number of flowering plants in a given year was highly correlated to both the total number of flowers produced that year and the total number of fruits observed. However, due to extremely limited data on seeds, it is unclear how these potential metrics of reproduction relate to the actual number of seeds produced in a given year. Understanding how many seeds are produced by the flowering plants each year, and comparing that to the density and viability of seeds found in the seed bank over time, would help disentangle the relative contribution of the seed bank and flowering plants to annual recruitment. Because recruitment appears to be low and sporadic for both species, we are currently undertaking smallscale studies to better understand the seed banks for these species.
The factors driving frequency of recruitment are also uncertain. A single seedling recruitment pulse in 2009 was observed for the 2 P. scariosus var. albifluvis populations. This pulse drove the higher population sizes seen toward the end of the study. For P. grahamii, seedling recruitment was low, with the highest recruitment occurring toward the end of the study as well. This again resulted in slightly higher population sizes at the end of the study than at the beginning. It is unknown whether this type of sporadic recruitment is typical of these 2 species and whether seedling recruitment may increase or decrease in number and frequency into the future. Similarly variable recruitment was observed for P. tubiflorus (Mabry 2011) . Understanding the causes and consequences of sporadic recruitment will be important to ascertaining extinction risk in these 2 species (Higgins et al. 2000) and could aid in conservation or restoration efforts (Humphrey and Schupp 1999) . Continued monitoring of these and other populations will be necessary to increase understanding of both the frequency and the drivers of seedling recruitment. We have recently established plots to monitor seedling recruitment in more detail, and we will continue to study germination and recruitment in both species in conjunction with demographic monitoring of adult plants.
All work on the pollination biology of P. scariosus var. albifluvis (Lewinsohn and Tepedino 2007, Dodge and Yates 2009) , P. tubiflorus (Mabry 2011) , and P. haydenii indicates that self-pollination is limited for these rare western species. Therefore, maintaining a suite of native pollinators may be important to recruitment in these species. It is unknown how energy development and other threats might impact pollinator diversity at this site, or to what extent currently observed recruitment rates might be influenced by pollinators.
Viability Analysis
The examination of plant abundances over time, stage-based matrix population viability analyses, and time series analyses all reveal populations that are relatively stable but susceptible to declines now and into the future. Because there was some variation between the 2 methods for assessing population growth rates, and because these rates were close to 1, no population could definitively be identified as increasing or decreasing. Though mean values for population growth rates some times differed between the 2 analysis methods, confidence intervals from the time series analyses generally contained the stochastic population growth estimates from the matrix analysis, suggesting no dramatic differences between the 2 methods. Because estimated population growth rates and associated confidence intervals were close to 1, increases in environmental varia bility, deterministic changes in habitat conditions or stressors, or a single catastrophic event could all have immediate deleterious impacts on the long-term growth trajectory of any of these populations.
The population viability analyses also revealed some site differences. For P. grahamii, at Blue Knoll, survival was much lower and more variable in the early years than at Buck Canyon. This pattern in survival likely contributed to the lower population viability seen from the matrix model analysis at Blue Knoll compared to Buck Canyon, even though the population grew more and abundances were generally higher at Blue Knoll. Increased interannual variability in vital rates tends to decrease long-term population viability (Lewontin and Cohen 1969). These site differences make it difficult to generalize patterns of survival for the species, especially in the absence of data on potential drivers of survival. For P. scariosus var. albifluvis, survival differences among sites were not notable. Yet the demographic analyses showed that the Watson population had a higher population growth rate and much lower probability of extinction than the White River population. This discrepancy may have to do with the fact that Watson had fewer years of monitoring data, and the data gap occurred during years with the lowest survival rates for White River. Therefore, the survival rates for Watson are higher on average (and fewer in number) than those from White River. It is possible that with future monitoring at these 2 sites, differences in growth rate and viability pre dictions will diminish. Understanding both site and species variability is critical to understanding vulnerability of the 2 species across their complete ranges. We currently monitor 3 additional demographic plots (2 for P. grahamii and one for P. scariosus var. albifluvis) that were established in 2010, and we continue to monitor the 4 long-term sites. The addition of new sites to future analyses will allow us to gain a broader understanding of popula tion dynamics across the species' ranges.
The stable adult age class and longevity of these 2 species makes it hard to detect declines in the species. Because adult plants appeared to have high and consistent survival, populations may persist in the absence of significant recruitment for quite some time without showing any significant declines. This is problematic, because if a deterministic or stochastic event eliminated a significant proportion of the adult population and if recruitment continued to be low and infrequent, the population may not have the ability to recover. Therefore, while counts of adult plants can be a useful gauge of population growth and viability, documenting the frequency and magnitude of recruitment events will continue to be important to understanding long-term dynamics. However, longer-lived plant species such as these may be less vulnerable to the effects of future changes in climate variability (Morris et al. 2008 , Dalgleish et al. 2010 , because survival in adults is high and stable compared to survival in shorter-lived species.
Relationship to Environmental Variables
Discerning what environmental drivers may be affecting population dynamics of a given population or species is a notoriously difficult question in population ecology (Knape and de Valpine 2011) and generally requires consistent, long-term data with strong patterns. It was expected on the basis of anecdotal observations that reproduction variables would have a relationship with seasonal or annual precipitation. However, this relationship was not seen for either species. This outcome could have occurred for a number or reasons. First, we may not have measured the right relationship. Although we examined several different permutations of annual and seasonal precipitation measurements, it is possible that some other weather variable or precipitation measure drove recruitment on given years. Second, regional weather stations may not be capturing important site-level environmental drivers. Local topography, weather patterns, and other variables may be more important to population dynamics in these 2 species than regionally captured precipita tion patterns. Finally, precipitation patterns may have a relationship with population vital rates or abundances that is masked by the effects of another variable, such as herbi vory or erosion at the sites. Further studies would be necessary to determine if multiple environmental or deterministic drivers of population dynamics are operating in simultaneous, and possibly contradictory, ways in these populations.
Conclusions
Penstemon grahamii and P. scariosus var. albifluvis are 2 rare species of beardtongue with narrow distributions and small population sizes. While plant abundances appeared to be largely stable over this monitoring period, recruitment has been low and sporadic, and several of the population growth rate estimates indicate that populations may be in slow decline. When population growth rates are close to one, any number of stressors could cause these apparently stable populations to decline. Additionally, increases or changes in stressors could exacerbate declines in populations already exhibiting stochastic dynamics. Habitat destruction due to energy development, increased aridity, stock grazing, and native small mammal and insect herbivory have all been hypothesized to have a negative effect on the dynamics of these populations. Targeted studies at these focal sites could help determine the importance of these and other potential stressors on population dynamics into the future.
Further demographic monitoring at these sites will be useful for determining potential drivers of vital rate and population growth rate variation in the 2 species, and can help place broader surveys of the 2 species in context. We are continuing to monitor these sites, as well as other sites, and are undertaking more detailed studies of recruitment processes in order to increase the robustness of our analyses and to better understand population dynamics across the species' ranges. In the future, it would also be useful to understand how the demography and population dynamics of these rare species compare to more common nearby penstemon species such as Penstemon fremontii. This type of work could help place our results into a broader context and increase understanding of beardtongue ecology across the region.
Energy development in the western United States will continue into the foreseeable future, and will have a diversity of consequences for native plant and animal species, from wide-ranging mammal and bird species to rare and narrowly distributed plant species. This study provides a critical demographic analysis of rare beardtongue populations that are likely to be impacted by future energy exploration and development. Our methods and approaches could be useful for studying other rare endemic plant species that are likely to be impacted by ongoing energy development, and our results may be relevant to other species with similar life histories. Small population sizes and limited recruitment are cause for caution and concern when determining whether these species can withstand the disturbance associated with energy development in the region.
